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Activation of a1B-adrenergic receptors (a1BAR) by
henylephrine (PE) induces scattering of HepG2 cells
tably transfected with the a1BAR (TFG2 cells). Scat-

tering was also observed after stimulation of TFG2
cells with phorbol myristate acetate (PMA) but not
with hepatocyte growth factor/scatter factor, epider-
mal growth factor, or insulin. PMA but not phenyleph-
rine rapidly activated PKCa in TFG2 cells, and the

ighly selective PKC inhibitor bisindolylmaleimide
GFX) completely abolished PMA-induced but not PE-
nduced scattering. PE rapidly activated p44/42 mito-
en-activated protein kinase (MAPK), p38 MAPK, c-
un N-terminal kinase (JNK), and AP1 (c-fos/c-jun).
elective blockade of p42/44 MAPK activity by
D98059 or by transfection of a MEK1 dominant neg-
tive adenovirus significantly inhibited the PE-in-
uced scattering of TFG2 cells. Selective inhibition of
38 MAPK by SB203850 or SB202190 also blocked PE-

nduced scattering, whereas treatment of TFG2 cells
ith the PI3 kinase inhibitors LY294002 or wortman-
in did not inhibit PE-induced scattering. Blocking
NK activation with a dominant negative mutant of
NK or blocking AP1 activation with a dominant neg-
tive mutant of c-jun (TAM67) significantly inhibited
E-induced cell scattering. These data indicate that
E-induced scattering of TFG2 cells is mediated by
omplex mechanisms, including activation of p42/44
APK, p38 MAPK, and JNK. Cell spreading has been

eported to play important roles in wound repair, tu-
or invasion, and metastasis. Therefore, cat-

cholamines acting via the a1AR may modulate these
physiological and pathological processes. © 2000 Academic

Press
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INTRODUCTION

a1-Adrenergic receptors (a1ARs)2 are members of the
G-protein-coupled receptor superfamily. Both pharma-
cological and molecular cloning studies have indicated
the existence of multiple subtypes of a1ARs including
a1A/CAR, a1BAR, and a1DAR [1, 2]. a1ARs play a key role
in a variety of physiological processes, such as cardiac
and smooth muscle contractility, contraction of the
spleen, liver glycogenolysis, or melatonin secretion in
the pineal gland [1, 2]. In addition to such short-term
effects, a1AR activation promotes cell proliferation and
is also one of the most powerful hypertrophic signals in
cardiac myocytes [3, 4]. This latter effect is reflected by
significant changes in cell morphology, including in-
creased cell size and cell volume and altered sarco-
meric organization [3, 4]. Recent evidence implicates a
variety of signaling pathways in a1AR-induced cellular
hypertrophy or hyperplasia. For example, activation of
a1AR stimulates liver regeneration and hepatocyte
proliferation via p38 mitogen-activated protein kinase
(p38 MAPK)- and c-Jun N-terminal kinase (JNK)-de-
pendent pathways [5–9], whereas all three MAPKs,
including p42/44 MAPK, p38 MAPK, and JNK, have
been implicated in the cardiac hypertrophy induced by
a1AR agonists [10–16]. There is also evidence that
activation of p70S6 kinase and PI3 kinase are involved
in a1AR-induced myocyte hypertrophy [17]. Both Rho
and Ras are also involved in regulating myocardial cell
growth and gene expression in response to a1AR recep-

2 Abbreviations used: a1BAR, a1B-adrenergic receptor; TFG2 cells,
HepG2 cells stably transfected with the a1B-adrenergic receptor; PE,

henylephrine; HGF/SF, hepatocyte growth factor/scatter factor;
GF, epidermal growth factor; p42/44 MAPK, p42/44 mitogen-acti-
ated protein kinase; p38 MAPK, p38 mitogen-activated protein
inase; JNK, c-Jun N-terminal kinase; FAK, focal adhesion kinase;
MA, phorbol myristate acetate; PDBu, phorbol 12,13 dibutyrate;
FX, bisindolylmaleimide I (GF109203X); MBP, myelin basic pro-
ein; NP-40, Nonidet P-40; TCA, trichloroacetic acid.
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110 SPECTOR ET AL.
tor activation [14, 18, 19]. This is suggested by the
finding that inhibition of Rho function by the dominant
negative mutant N19RhoA or by Clostridium botuli-
num C3 transferase resulted in inhibition of PE-in-
duced myocardial cell proliferation [18]. The role of Ras
in cardiac hypertrophy is clearly demonstrated in Ras
transgenic mice [19]. Activation of a1AR also stimu-
lates mitogenesis in human vascular smooth muscle
cells and this effect is blocked by wortmannin [20]. This
implicates PI3 kinase in a1AR-mediated vascular
smooth muscle cell proliferation. In rat isolated aortic
smooth muscle cells that express a1DAR and a1BAR (but
not a1AAR), and in Rat-1 fibroblasts stably transfected
with these three a1AR subtypes, NE-induced cell
rowth is mediated by a1DAR coupled to the MAPK

pathway [21]. Activation of a1BAR can also trigger un-
controlled cell growth during malignant transforma-
tion, as suggested by focus formation and disordered
growth observed in Rat-1 fibroblasts transfected with
the a1BAR, or by the tumorigenic effect, reversible by

razosin, of transplanting such transfected cells into
ude mice [22].
Although a1AR agonists are powerful co-mitogens in

the liver, the level of expression of a1BAR is down-
regulated during hepatocyte proliferation [23]. For ex-
ample, the tissue levels of a1BAR and a1BAR mRNA are
high in the fully differentiated adult liver, whereas
much lower levels are found in conditions associated
with hepatocyte proliferation, such as primary cultur-
ing [24], partial hepatectomy [23, 25], fetal state [26],
or malignant transformation [27, 28]. To understand
the biological significance of such regulation, we gen-
erated a transfected HepG2 hepatoma cell line that
stably expresses the a1BAR at high levels (TFG2 cells).
We have earlier reported that activation of a1BAR in
TFG2 cells inhibits cell growth via a p42 MAPK- and
p21Waf1/cip1-dependent mechanism [29]. In additional,
unpublished studies we found that activation of a1BAR
in TFG2 cells by PE also induced cell scattering and
hypertrophy which, to our knowledge, is a novel obser-
vation. Unexpectedly, these latter effects were inde-
pendent of the activation of p21Waf1/cip1. Therefore, in the
present study we examined the signaling pathways
involved in a1BAR-induced cell scattering.

MATERIALS AND METHODS

Materials. P42/44 MAPK, p38 MAPK, JNK, and c-Jun antibodies
(in solution and/or conjugated to protein A–agarose beads) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
phospho-p42/44 MAPK (Tyr204) and anti-phospho-p38 MAPK (Thr180/
Tyr182) antibodies were obtained from Bio-lab (Beverly, MA). Hor-

ones, growth factors, myelin basic protein (MBP), phorbol 12-
yristate 13-acetate (PMA), phorbol 12, 13 dibutyrate (PDBu), were

btained from Sigma Chemicals (St. Louis, MO). Pertussis toxin,
D98059, SB203850, SB202190, LY294002, wortmannin, and bisin-
olylmaleimide I (GF109203X) were from Calbiochem (San Diego,

A). Antibodies against PKC isoforms were purchased from GIBCO
RL (Grand Island, NY). Radiolabeled [g-32P]ATP was from Dupont,
NEN (Boston, MA). Wild-type HepG2 human hepatocellular carci-
noma cells were obtained from ATCC (Rockville, MD) and cultured
under conditions specified by the supplier. The TFG2 cells were
developed as reported earlier [29] and were cultured under the same
conditions as the naive HepG2 cells, except for the additional pres-
ence of 0.5 mg/ml of geneticin to maintain selection pressure. The
p69SV40T and M12 prostate cancer cells were kindly provided by Dr.
Joy Ware [30]. The DU145 and PC3 prostate cancer cell lines were
obtained from ATCC (Rockville, MD).

Cell scattering of TFG2 cells. HepG2 cells were stably transfected
with rat a1BAR cDNA to generate TFG2 cells, as described previously
[29]. a1BARs in TFG2 cells were expressed at a density (1125 6 30
fmol/mg of total cellular protein) similar to that in the normal adult
rat liver (800 6 30 fmol/mg membrane protein) [31].

About 2 3 103 TFG2 cells resuspended in culture medium were
eeded on six-well plates (10 mm, Corning, NY). After 2 days, cells
rown as discrete colonies were treated with various drugs for 30 min
nd then stimulated with 1025 M phenylephrine (PE). After 16 h, the

cells were washed with PBS to remove nonadherent cells, and then
observed under a microscope and captured by a video camera. The
pictures were saved as TIF files in Microsoft Powerpoint. For each
condition, data were collected by random observation. Scattered cells
were defined as cells with a flat and ameboid shape, lacking a round
morphology, and not phase bright, whereas non-spread cells were
rounded and grown as discrete colonies.

Western blot analysis. TFG2 cells were resuspended in 0.5 ml of
homogeneization buffer A (20 mM Tris–HCl, 0.33 M sucrose, 2 mM
EDTA, 0.5 mM EGTA, 2 mM PMSF, pH 7.5) and sonicated for 10 s,
then spun at 100,000g for 1 h. The supernatant (cytosol fraction) was
collected. The pellet (membrane fraction) was resuspended in 0.5 ml
of buffer A with 1% NP-40, sonicated for 10 s, incubated on ice for 30
min, and spun at 100,000g for 30 min. The supernatant (membrane
raction) was then collected. Fifty micrograms of each sample was
sed in Western blotting. Western blot analysis, using streptavi-
ine–alkaline phosphatase conjugated with nitroblue tetrazolium
hloride and 5-bromo-4-chlor-3-indolphosphate p-toluidine salt as
hromogens, was described previously [25].
[3H]Thymidine incorporation. Following preincubation of TFG2

cells with an antagonist or vehicle for 24 h, [3H]thymidine (2–5
mCi/ml) was added to the culture for 2 h. Cells were then dissolved by
the addition of 1.0 ml of 0.5 N NaOH, collected, mixed with 1.5 ml of
H2O, and precipitated with 0.5 ml of 50% trichloroacetic acid (TCA).

he precipitate was collected on glass filters, washed twice with 5%
CA, and the retained radioactivity determined by liquid scintilla-
ion spectrometry. Each time point for each set of experiment was
etermined in triplicate.
Measurement of cell size by flow cytometry. Control and PE-

reated TFG2 cells were trypsinized, pelleted, washed once with
a21- and Mg21-free PBS containing 1% BSA, and fixed in 70%

ethanol. Prior to flow cytometry, the fixed cells were pelleted for 5
min at 1500 rpm and washed again with 13 PBS to remove residual
thanol, and then stained in 5 mg/ml PI in PBS with RNase at dark,
or at least 20 min at 4°C. The samples were analyzed by FACS
ytometry (BD). Small-angle forward scatter (FCS) was used as a
easure of cell size. DNA content was measured as fluorescence of PI

y FL2. Ten thousand cells were run for each sample.
Transient transfection of a1BAR into prostate cancer M12 cell line.

a1BARs in pcDNA3 expression vector were transfected into M12 cells
by the adenovirus–lysine-mediated procedure as described previ-
ously [32, 33]. Adenovirus–DNA complexes were prepared by incu-
bating lysine-modified adenovirus with a1BAR expression vector for
30 min at 25°C in the dark, followed by a 30-min incubation with
polylysine at a molar concentration equivalent to 125 times the
molar plasmid DNA concentrations. The adenovirus–DNA–lysine

complex in serum-free medium was added to the cells and incubated
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111a-ADRENERGIC-INDUCED CELL SCATTERING
for 8 h at 37°C. Serum was then added and the cells were cultured for
a further 48–72 h.

Kinase assays for p42/44 MAPK, p38 MAPK, and JNK. TFG2
cells grown in 100-mm dishes were serum-starved overnight and
then stimulated with various drugs for various time periods. The
stimulated TFG2 cells were homogenized in 400 ml of ice-cold lysis
buffer A (25 mM Hepes, pH 7.4, 5 mM EDTA, 5 mM benzamidine, 1
mM phenylmethyl sulfonylfluoride, 1 mg/ml soybean trypsin inhibi-
tor, 40 mg/ml pepstatin A, 40 mg/ml aprotinin, 1 mM Microcystin-LR,
0.5 mM sodium orthovanadate, 0.5 mM sodium pyrophosphate, 1%
(v/v) Triton X-100, 0.1% (v/v) 2-mercaptoethanol). The homogenate
was incubated on ice for 5 min. After centrifugation at 14,000g for 10
min, the supernatant was collected and protein concentration was
measured using the Bio-Rad protein assay reagent. The supernatant
was subjected to kinase assays, as described below.

Protein A/G plus agarose slurry (25 ml bead volume) was washed
ith 1 ml PBS containing 0.1% (v/v) Tween 20 and resuspended in
.4 ml of the same buffer. P42/44 MAPK, p38 MAPK, or JNK anti-
odies (2 mg in 20 ml) were added to each tube and incubated (2 h,

4°C) to allow for their conjugation to protein A/G plus agarose beads,
followed by a subsequent wash to remove nonconjugated antibodies.
Five hundred micrograms of protein from each homogenate was
mixed with protein A agarose-conjugated antibody and rocked (2 h,
4°C). The protein A agarose was recovered by centrifugation, the
supernatant was discarded, and the immunoprecipitates were
washed twice with lysis buffer A and once with washing buffer B (25
mM Hepes, pH 7.4, 15 mM MgCl2, 0.1 mM sodium orthovanadate,
0.1% (v/v) 2-mercaptoethanol).

The p42/44 MAPK and p38 MAPK assays have been described
previously [8]. Briefly, immunoprecipitates were incubated (final
volume 50 ml) with 50 ml of washing buffer B containing 0.2 mM
[g-32P]ATP (5000 cpm/pmol), 1 mM Microcystin-LR, and 1 mg/ml

BP. In preliminary experiments, the kinase activities were linear
ith respect to incubation time between 2 and 40 min. Therefore,

amples were incubated for 15 min, and then 40 ml of the reaction
volume was spotted onto P81 paper (Whatman, Maidstone, UK) and
immediately placed into 180 mM phosphoric acid. The papers were
washed several times with phosphoric acid, followed by a final wash
with acetone. The 32P incorporation into MBP was quantified by
liquid scintillation spectrometry. Alternatively, the reactions were
terminated with SDS protein loading buffer and prepared for SDS–
PAGE (15% polyacrylamide gel) to quantify 32P incorporation by

hosphorimaging.
The JNK activity was measured as described previously [8].
riefly, immunoprecipitates were incubated (final volume 50 ml)

with 50 ml of washing buffer B containing 0.2 mM [g-32P]ATP (5000
cpm/pmol), 1 mM Microcystin-LR, and 10 mg GST-c-Jun (amino acids
–169). After 30 min, the reactions were terminated with SDS pro-
ein loading buffer and the mixtures prepared for SDS–PAGE (15%
olyacrylamide gel) to quantify 32P incorporation by phosphorimag-
ng.

P42/44 MAPK and p38 MAPK activities were also detected in
estern blotting analysis by using specific anti-phospho-p42/44
APK and anti-phospho-p38 MAPK, respectively.
Adenovirus infection of TFG2 cells. TFG2 cells were cultured in
MEM containing 10% fetal calf serum, washed with serum-free
edium, and then infected with either null recombinant adenovirus

r with dominant-negative MEK12/2, JNK, or c-jun (TAM) recom-
inant adenovirus in a total volume of 0.5 ml and at a multiplicity of
nfection of 250. After infection for 8 h at 37°C, the cells were washed
ith serum-free medium and cultured for a further 24 h prior to

timulation with PE. The recombinant adenovirus dominant nega-
ive MEK12/2 and JNK were described previously [8, 9]. The re-
ombinant adenovirus dominant-negative c-jun (TAM67) recombi-
ant adenovirus was generated from wild-type c-Jun by deletion of
esidues 3–122 in the amino-terminal transcriptional activation do-

ain [34].
Gel mobility shift assays. Gel mobility shift assays were de-
cribed previously [35]. The AP1 oligo (59-CGC TTG ATG AGT CAG
CG GAA -39) was used as a probe.

RESULTS

Activation of a1BAR by PE Induces Morphological
Changes of TFG2 Cells, Including Scattering,
Increased Cell Size, and Formation of Processes

In the unstimulated state, the morphology of TFG2
cells is similar to that of the mock-transfected or wild-
type HepG2 cells. As shown in Fig. 1A, when these cells
are plated sparsely, they proliferate as discrete colo-
nies. After stimulation of TFG2 cells with PE for 8–12
h, the cells start to “scatter” and detach from each
other, and by 16 h most cells become scattered. After 4
days, about 60% of the cells extend multiple cellular
processes. A number of these processes reach several
cell diameters in length, and all of them terminate in
growth-cone-like structures. The scattered cells appear
well-extended and elongated and have a “flattened”
morphology. PE did not induce scattering of mock-
transfected HepG2 cells, and the PE-induced scatter-
ing of TFG2 cells was completely prevented by 1 mM
prazosin (data not shown), which indicates the involve-
ment of a1AR. The overall size of the cells appears
increased after stimulation with PE, which is con-
firmed by flow cytometry. Control and PE-treated
TFG2 cells were trypsinized, fixed with 70% ethanol,
stained with PI, and analyzed by FACS cytometry us-
ing a small-angle forward scatter. As illustrated in Fig.
1B, PE treatment significantly increased cell size. All
of the above effects of PE were observed in cells main-
tained in medium containing 10% serum. Similar ef-
fects were observed when TFG2 cells were maintained
in serum-free medium (our unpublished data), which
suggests that these effects are serum-independent.

We also tested whether other agonists have effects
similar to those produced by PE in TFG2 cells. As
shown in Fig. 1A, when the cells were treated with
PMA or PDBu for 15 min and then washed free of the
drug, they became completely spread out within 12 h
following treatment. It has been reported that 10 ng/ml
of HGF/SF rapidly and significantly induces scattering
of MDCK epithelial cells [36]. However, treatment of
HepG2 cells with 10 ng/ml of HGF/SF for 24 h did not
induce cell scattering (Fig. 1A), and partial scattering
could be seen only at a very high (500 ng/ml) concen-
tration of HGF/SF (not shown). This suggests that
HGF/SF does not induce scattering of HepG2 cells.
Treatment of TFG2 cells with EGF, insulin, or NGF for
24 h did not cause cell scattering. Partial scattering
was observed after incubation of TFG2 cells with EGF
for several days (data not shown). The effect of these
agonists on TFG2 cell proliferation was also studied.

Treatment with PE and PMA caused 50 and 40% inhi-
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bition of [3H]thymidine uptake, respectively, while
treatment with EGF, insulin, or NGF stimulated TFG2
cell proliferation. The PMA-induced inhibition of cell
proliferation and scattering were also observed in
mock-transfected HepG2 cells (data not shown). Al-
though, as mentioned above, low concentrations of
HGF did not induce TFG2 cells to scatter, HGF signif-
icantly inhibited [3H]thymidine uptake in both HepG2
and TFG2 cells, which suggests that HGF receptor
signaling is functional in these cells.

FIG. 1. Activation of a1BAR by PE induces morphological changes
f processes. (A) TFG2 cells or M12 prostate cancer cells were treate
5 min and then transferred to fresh growth medium for 1 day, or tre

then observed under a microscope and the images captured by a video
(B) TFG2 cells were treated with 1025 M PE for 1–7 days and then sub
or measurement of cell size, as described under Material and Meth
It has been reported that a1ARs are expressed at
high levels in human prostate cancer tissue [37]. We
therefore tested whether activation of a1AR also in-
duces scattering of prostate cancer cells. Surprisingly,
levels of a1AR binding were undetectable or very low in
four prostate cancer cell lines, including p69SV40T
[30], M12 [30], DU145, and PC3 cells (unpublished
data). Therefore, in order to examine the effect of PE on
scattering of prostate cancer cells, we transfected
a1BAR into M12 cells by using the lysine–adenovirus
procedure. By using this technique, transfection effi-

TFG2 cells, including scattering, increases in cell size, and formation
ith 1025 M PE for 1–4 days or with 1025 M PMA or 1025 M PDbu for
d with 10 ng/ml of EGF 1 50 ng/ml of HGF for 1 day. The cells were
era. For each condition, data were collected by random observation.

ed to FACS cytometry (BD) under small-angle forward scatter (FCS)
.
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ciencies of ;80% can be achieved [32]. As shown in Fig.
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1A, PE treatment induced marked scattering of M12
cells transfected with a1BAR but not in mock-trans-
fected cells, which suggests that PE-induced cell scat-
tering is not unique to HepG2 cells.

PE-Induced Scattering of TFG2 Cells Is PKC-
Independent while PMA-Induced
Scattering Is PKC-Dependent

It is well established that activation of PKC in var-
ious cell types is associated with its translocation from
the cytosol to the membrane. To test whether PKC is
activated during PE- or PMA-induced scattering of
TFG2 cells, we analyzed immunoreactive PKCa and
PKCb in cytosolic and membrane fractions using West-
ern blotting. As shown in Fig. 2A, exposure of TFG2
cells to PMA causes a complete translocation of PKCa
from cytosol to membrane. Unexpectedly, PE did not
elicit a significant translocation of PKCa in these cells
Fig. 2A). Both PMA and PE caused only a slight shift
f PKCb from cytosol to membrane. This suggests that

FIG. 2. PE-induced scattering of TFG2 cells is PKC-independen
FG2 cells were stimulated with 1025 M PE or PMA for 15 to 60 min a

by Western blotting using anti-PKC antibodies. (B) TFG2 cells were
MA. After 16 h, the cells were observed under microscope and the
PMA but not PE activates PKC in TFG2 cells. To
examine directly whether PKC activation is involved in
PE- or PMA-induced scattering of TFG2 cells, we
tested the effects of a highly selective PKC inhibitor,
GF109203X (GFX). As shown in Fig. 2B, GFX (0.2 mM)
completely blocked the PMA-induced, but only slightly
inhibited the PE-induced, scattering. The same concen-
tration of GFX also completely blocked PMA-induced
p42/44 MAPK activation (data not shown). These re-
sults suggest that the PE-induced scattering of TFG2
cells is PKC-independent whereas the PMA-induced
scattering is PKC-dependent.

Activation of p42/44 MAPK and p38 MAPK but Not
PI3 Kinase Is Required for the PE-Induced
Scattering of TFG2 Cells

Activation of p42/44 MAPK plays an important role
in cell proliferation and induces morphological changes
including hypertrophy in myocytes [36, 38–40]. We
tested whether this kinase is also involved in the a1AR-
induced scattering of TFG2 cells. As shown in Fig. 3A,

hile PMA-induced scattering of TFG2 cells is PKC-dependent. (A)
then the cytosol and membrane proteins were isolated and analyzed

eated with GFX for 30 min and then stimulated with 1025 M PE or
tures were captured by a video camera.
t w
nd
tr
PE rapidly activated p42/44 MAPK that peaked at 10
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114 SPECTOR ET AL.
min, and activity remained elevated twofold for at least
2 h. PE activation of p42/44 MAPK was further con-
firmed by Western blotting analysis using a specific
anti-phospho-p42/44 MAPK antibody (Fig. 3B). Pre-
treatment with the specific PKC inhibitor GFX did not
inhibit PE-induced p42/44 MAPK activation (Fig. 3C)
but completely abolished PMA-induced p42/44 MAPK
activation (data not shown). This suggests that PE-
induced p42/44 MAPK activation is PKC-independent,
which is consistent with previous observations of PE-
induced p42/44 MAPK activation in transfected HEK-
293 cells by calcium-dependent and PKC-independent
mechanisms [41]. We have previously shown that
blocking p42/44 MAPK with the specific MEK1 inhib-
itor PD98059 or by transfection of a dominant-negative
MEK1 recombinant adenovirus blunted the PE-in-
duced inhibition of TFG2 cell proliferation [29]. The
same treatments also significantly inhibited the PE-

FIG. 3. PE-induced scattering of TFG2 cells is p42/44 MAPK-de
times and then cell lysates were prepared for either p42/44 MAPK ass
by using a specific anti-phospho-p42/44 MAPK antibody (panel B). (C

D 98058, or 2 mM GFX for 30 min as indicated, and then stimulate
42/44 MAPK assay by using MBP as a substrate. In panels A, B, an
re shown. The radioactivities on blots from three independent experi
E from three independent experiments, expressed as fold changes o
hen stimulated with 1025 M PE for 16 h, or were infected with a reco

24 h, cells were incubated with 1025 M PE for an additional 16 h. The
y a video camera.
induced scattering of TFG2 cells (Fig. 3D), suggesting
that the activation of p42/44 MAPK is involved in both
the PE-induced cell cycle arrest and cell scattering. In
addition, inhibition of p42/44 MAPK by PD 98059 also
markedly blocked PMA-induced cell scattering of
TFG2 cells (data not shown).

P38 MAPK has been shown to play important roles
in cell proliferation and in morphological changes [8,
15, 17, 42, 43]. Therefore, we tested whether p38
MAPK was also involved in the PE-induced cell cycle
arrest and scattering of TFG2 cell. As shown in Fig. 4A,
PE rapidly activated p38 MAPK in TFG2 cells, which
peaked at 10 min and returned to basal levels within
2 h. PE activation of p38 MAPK was further confirmed
by Western blotting analysis using a specific anti-phos-
pho-p38 MAPK antibody (Fig. 4B). Blocking p38
MAPK with 0.5 mM SB203850 or 0.5 mM SB202190
significantly inhibited basal [3H]thymidine uptake.
However, these inhibitors did not reverse but rather

dent. (A) and (B) TFG2 cells were stimulated with PE for various
s by using MBP as a substrate (panel A) or Western blotting analysis
G2 cells were treated with 5 mM SB203580, 5 mM SB202190, 50 mM

ith 1025 M PE for 10 min, after which cell lysates were prepared for
, autoradiograms representative of three independent experiments

nts were quantified by phosphorimaging. Values shown are means 6
control. (D) TFG2 cells were treated with PD98059 for 30 min and

inant adenovirus expressing a dominant-negative MEK12/2. After
ls were observed under a microscope and the pictures were captured
pen
ay

) TF
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enhanced the inhibition of the proliferation of TFG2
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cells caused by PE (Fig. 4C). The same inhibitors at 5
mM completely prevented the PE-induced scattering of
TFG2 cells (Fig. 4D). Five micromolar SB203850 or 5
mM SB202190 almost completely inhibited the PE-in-
duced p38 MAPK activation (data not shown) but did
not affect p42/44 MAPK activation (Fig. 3C). These
results indicate that the PE-induced scattering of
TFG2 cells requires p38 MAPK activation, whereas PE
inhibition of TFG2 cell proliferation is independent of
p38 MAPK activation. In addition, inhibition of p38
MAPK by SB20190 or SB203850 also markedly
blocked PMA-induced cell scattering of TFG2 cells
(data not shown).

Activation of PI3 kinase is also known to be involved
in ligand-induced changes in cell proliferation and
morphology [20, 36, 44–46]. Blocking PI3 kinase acti-
vation with two highly specific kinase inhibitors,

FIG. 4. PE-induced scattering of TFG2 cells is p38 MAPK-depen
and then cell lysates were prepared either for p38 MAPK assays by u
a specific anti-phospho-p38 MAPK antibody (panel B). The radioacti
phosphorimaging and plotted in panel A. Values shown are means 6
ontrol. (C) TFG2 cells were treated with 0.5 mM SB203580 or S

[3H]Thymidine (2–5 mCi/ml) was added to the culture for an additi
under Materials and Methods. Values shown are means 6 SE from t
(D) TFG2 cells were treated with 5 mM SB203580 or SB202190 for
bserved under a microscope and the pictures were captured by a v
LY294002 or wortmannin, significantly inhibited basal
[3H]thymidine uptake but did not prevent the PE-in-
duced inhibition of cell proliferation and the scattering
of TFG2 cells (data not shown). This indicates that the
a1AR-induced cell arrest and scattering are PI3 kinase-
independent.

PE-Induced Scattering of TFG2 Cells Is JNK- and
c-jun-Dependent

In addition to activation of p42/44 MAPK and p38
MAPK, PE treatment also rapidly activated JNK in
TFG2 cells (Fig. 5A), which peaked at 10 to 120 min
and returned to basal levels within 4 h. To examine
whether activation of JNK is also involved in PE-in-
duced scattering, TFG2 cells were infected with a re-
combinant adenovirus expressing a dominant-negative
JNK, and then stimulated with PE. As shown in Fig.

t. (A) and (B) TFG2 cells were stimulated with PE for various times
MBP as a substrate (panel A) or Western blotting analysis by using

es on blots from three independent experiments were quantified by
from three independent experiments, expressed as fold changes over
2190 for 30 min and then stimulated with 1025 M PE for 16 h.

l 2 h, and [3H]thymidine incorporation was measured as described
e independent experiments, expressed as fold changes over control.
min and then stimulated with 1025 M PE for 16 h. The cells were
camera.
den
sing
viti
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B20
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hre
30
5E, blocking JNK activation by dominant-negative
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JNK significantly inhibited PE-induced scattering of
TFG2 cells. This suggests that JNK is also involved in
PE-induced scattering of TFG2 cells.

P42/44 MAPK, p38 MAPK, and JNK are known to
stimulate c-jun gene expression and to phosphorylate
the c-Jun protein. To further identify molecular events
downstream of MAPK activation, we examined the po-
tential involvement of c-jun in the PE-induced scatter-
ing of TFG2 cells. Treatment of TFG2 cells with PE
significantly increased AP1 (c-fos/c-jun) binding (Fig.
5B) and c-Jun protein expression (Fig. 5C), and the
increase in AP1 binding could be prevented by pre-
treatment with 50 mM PD98059 or 5 mM SB202190,
but not with wortmannin or LY294002 (Fig. 5D). This

FIG. 5. PE-induced scattering of TFG2 cells is c-jun-dependent.
ell lysates were prepared for JNK assays (A), or DNA gel mobility
nalysis by using a c-Jun antibody (C). (D) TFG2 cells were treated

wortmannin for 30 min, followed by stimulation with 1025M PE for 2
assay by using an AP1 oligo. (E) TFG2 cells were infected with a rec
dominant-negative JNK. After 24 h, the cells were stimulated with
microscope and the pictures were captured by a video camera.
indicates that PE activates AP1 via p42/44 MAPK and
p38 MAPK. Infection of TFG2 cells with a recombinant
adenovirus expressing a dominant-negative c-jun
(TAM67) significantly inhibited the PE-induced scat-
tering of TFG2 cells, which suggests that c-Jun, a
downstream target of p42/44 MAPK, p38 MAPK, and
JNK, is also involved in the PE-induced scattering of
TFG2 cells. To test whether activation of c-Jun itself is
sufficient to scatter HepG2 cells, cells were infected
with a recombinant adenovirus expressing the acti-
vated v-Jun. After 24 h, the cells were observed under
a microscope. Expression of an activated v-Jun caused
significant Jun phosphorylation but did not cause cell
scattering (data not shown). This suggests that activa-
tion of v-Jun itself is not sufficient to scatter HepG2

C) TFG2 cells were stimulated with PE for various times and then
ft assay by using an AP1 consensus oligonucleotide (B), or Western
ith 50 mM PD98059, 5 mM SB20219, 20 mM LY294002, or 100 nM
The protein extracts were then prepared for DNA gel mobility shift
inant adenovirus expressing a dominant-negative c-jun (TAM) or a
25 M PE for an additional 16 h. The cells were observed under a
(A–
shi

w
h.

omb
10
cells.
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Comparisons of Activation of MAPKs by PE, HGF,
EGF, and Insulin in TFG2 Cells

The above data showed that PE-induced scattering
of TFG2 cells involves all three MAPKs. It is known
that HGF, EGF, and insulin also activate MAPKs, yet
they do not cause the scattering of TFG2 cells. We
therefore compared the effects of PE, HGF, EGF, and
insulin on the three MAPKs in TFG2 cells. As shown in
Figs. 6A and 6B, PE, HGF, EGF, and insulin treatment
significantly activated p42/44 MAPK and p38 MAPK.

FIG. 6. Activation of p42/44 MAPK, p38 MAPK, and JNK in-
duced by PE, EGF, HGF, and insulin. TFG2 cells were treated with
PE (1025 M), EGF (10 ng/ml), HGF (40 ng/ml), or insulin (5 mg/ml) for
arious periods of time as indicated and then cell lysates were
repared and subjected to p42/44 MAPK (A), p38 MAPK (B), and
NK (C) assays as described under Material and Methods.
Activation of p42/44 MAPK and p38 MAPK by PE and t
HGF is sustained, while activation of these two kinases
by EGF and insulin is transient. The data in Fig. 6C
show that PE and HGF, but not EGF and insulin, also
activate JNK.

DISCUSSION

The present findings represent the first evidence
that an agonist of a1AR is able to induce cell scattering
in both transfected HepG2 and M12 cells. It is further
demonstrated that the a1AR-induced scattering of
TFG2 cells is PKC-independent, whereas PMA induces
scattering via a PKC-dependent mechanism. The fail-
ure of PE to cause significant PKC translocation in
TFG2 cells (Fig. 2A) may explain the reported inability
of a PKC inhibitor to prevent PE-induced activation of
ERK1/2 in HEK-293 cells [41]. However, this was an
unexpected finding in view of the documented ability of
PE to cause cytosol-to-membrane translocation of PKC
in rat isolated hepatocytes [47]. This could mean that
TFG2 and HEK-293 cells may lack a component re-
quired for effective coupling of G-protein coupled recep-
tors to PKC, or that native vs transfected a1AR have a
different ability to couple to PKC.

Evidence is also presented to indicate that activation
of p42/44 MAPK and p38 MAPK, but not PI3 kinase, is
involved in the a1AR-induced scattering of TFG2 cells,
and that c-Jun, a downstream target of p42/44 MAPK,
p38 MAPK, and JNK, is also involved. Taking the
present findings and our previously reported observa-
tions [29], a model depicting the signaling pathways
involved in the PE-induced cell cycle arrest and scat-
tering is presented in Fig. 7. In this model, stimulation
of a1BAR leads to activation of p42/44 MAPK, p38
MAPK, JNK, and PI3 kinase. Activation of p42/44
MAPK, p38 MAPK, and JNK, but not PI3 kinase, stim-
ulates the scattering of TFG2 cells. We previously re-
ported that blocking p42/44 MAPK with PD98059 or by
a dominant-negative MEK2/2 mutant only partially

FIG. 7. Model of the signaling pathways involved in a1AR-medi-
ted cell scattering and cell arrest in TFG2 cells. For explanation, see

ext.



p
b
i
l
t
p
t
H
b

r

p
H
m
t

p
q
p
t
o
c
l
e

s

118 SPECTOR ET AL.
inhibited the proliferation of TFG2 cells. However, the
same treatment abolished PE-mediated inhibition of
cell proliferation and unmasked the pro-proliferative
effect of PE. This suggests that sustained activation of
p42/44 MAPK is involved in PE-induced cell cycle ar-
rest, but not in the ability of PE to promote prolifera-
tion [29]. Activation of p42/44 MAPK also triggers the
accumulation of the p21waf1/cip1 protein, which inhibited
the proliferation of TFG2 cells [29], but was found not
to be involved in cell scattering. This latter conclusion
was based on the finding that transfection of TFG2
cells with a dominant-negative p21waf1/cip1 mutant abol-
ished the growth inhibitory effect of PE [29] but did not
influence PE-induced cell scattering (Dent et al., un-

ublished observation). In contrast, activation of AP1
y p42/44 MAPK, p38 MAPK, and JNK activation is
nvolved in the scattering of TFG2 cells. Moreover, two
ines of evidence indicate that cell scattering is not due
o inhibition of cell proliferation. First, blocking cell
roliferation by mitomycin C did not induce cell scat-
ering or increase cell size (data not shown). Second,
GF significantly suppressed HepG2 cell proliferation
ut did not induce cell scattering (data not shown).
Activation of a1AR is a powerful pro-proliferative

stimulus in different kinds of cells. It triggers the pro-
liferation of hepatocytes [5–8], mycoytes [10–16], and
smooth muscle cells [20, 48]. Activation of a1AR also
has a hypertrophic effect, as indicated by significant
morphological changes in myocytes, including in-
creases in cell size and cell volume and altered sarco-
meric organization [3]. Recently, Williams et al. [49]
eported that the activation of a1AAR, but not a2AAR or

bAR, significantly increased the size of transfected
PC12 cells. Here we report that an a1-adrenergic ago-
nist induces cell scattering, cell enlargement, and for-
mation of processes in a malignant hepatoma cell line
continuously expressing the a1BAR. These data indi-
cate that activation of a1AR induces hypertrophy not
only in myocardiocytes, but also in other cell types,
such as neural cells (PC12 cells [49]), fibroblasts (Rat-1
cells [22]), and hepatic cells (TFG2 cells, present
study).

It has been reported that activation of p42/44 MAPK
is required for HGF-, PMA-, and EGF-induced scatter-
ing of Madin–Darby canine kidney epithelial cells and
human stomach adenocarcinoma cells [36, 39]. The
activation of p42/44 MAPK is also involved in HGF-
induced scattering of HT29 colon carcinoma cells [40].
The present results clearly demonstrate that PE-in-
duced scattering of TFG2 cells requires the activation
of p42/44 MAPK, as evidenced by the inhibition of this
effect by a highly selective p42/44 MAPK inhibitor,
PD98059, or by transfection of a dominant-negative
form of MEK1. Unlike p42/44 MAPK [36, 38–40] and
PI3 kinase [44–46, 50], which have been implicated in

cell scattering induced by HGF, PMA, and EGF, until
now there has been no evidence implicating p38 MAPK
in cell scattering. In the present study, blocking p38
MAPK activation by two highly selective inhibitors,
SB203580 or SB202190, completely prevented the PE-
induced scattering of TFG2 cells but did not reverse the
PE-induced inhibition of their proliferation, which im-
plicates p38 MAPK in the former, but not in the latter,
effect.

The present findings implicate all three MAPKs in
the PE-induced spreading of TFG2 cells. Since HGF,
EGF, and insulin can also activate the MAPKs, the
question arises, why do not these agonists cause
spreading of TFG2 cells. The data in Fig. 6 show that
PE causes JNK activation and sustained p42/44 MAPK
and p38 MAPK activation, while EGF and insulin only
elicit transient p42/44 MAPK and p38 MAPK activa-
tion. This suggests that JNK activation and sustained
p44/42 MAPK and p38 MAPK activation are required
for scattering of TFG2 cells. Although HGF causes a
similar pattern of activation of all three MAPKs (Fig.
6) and a pattern of inhibition of TFG2 cell proliferation
similar to that of PE (unpublished data), it does not
induce scattering of HepG2 cells. This suggests that
activation of all three MAPKs is necessary but not
sufficient for inducing cell scattering, and that some
additional signaling pathways are also involved.

The biological significance of PE-induced cell scatter-
ing remains unclear. It is well established that cell
spreading and migration are crucial for tumor invasion
and metastasis. For example, HGF/SF has been shown
to be involved in the development of some tumors and
in the process of carcinoma cell invasion [51, 52]. If
a1AR-mediated cell scattering occurs in vivo, it may

romote hepatic tumor cell invasion and metastasis.
owever, it is interesting to note that a number of
alignant hepatoma cell lines and human hepatoma

issue have been found to be devoid of a1BAR or express
a1BAR at reduced levels compared to normal liver tis-
sue [27–29]. This suggests that the loss of a1BAR ex-

ression by liver tumor cells has complex conse-
uences. On the one hand, it represents the loss of a
otential antiproliferative signal [29], which will help
umor growth. On the other hand, the loss of the ability
f circulating catecholamines to induce cell scattering
ould reduce the invasive and metastatic potential of
iver tumors. Further studies are aimed to test the
ffects of stable transfection of a1BAR into hepatoma

cells on their in vivo tumorigenic, invasive, and meta-
tatic potential. In contrast to liver tumors, a1ARs are

usually present in human prostate cancer [37] and
colorectal cancer tissue [53]. The present findings dem-
onstrate that PE treatment can also induce scattering
of transfected prostate cancer M12 cells. This suggests
that PE-induced cell scattering is not unique to HepG2
cells and activation of a1AR may induce scattering of

prostate cancer cells in vivo. If this turns out to be the



1

1

1

1

1

1

1

1

2

2

2

2

2

2

119a-ADRENERGIC-INDUCED CELL SCATTERING
case, the routine use of a1AR antagonists in the treat-
ment of benign prostatic hypertrophy may have the
added advantage of inhibiting the invasiveness of po-
tentially coexisting cryptic prostatic tumors.
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